Animals vocalize only in certain behavioral contexts, but the circuits and synapses through 10 which forebrain neurons trigger or suppress vocalization remain unknown. Here we used 11 transsynaptic tracing to identify two populations of inhibitory neurons that lie upstream of 12 neurons in the periaqueductal gray that gate the production of ultrasonic vocalizations in mice 13 (i.e., PAG-USV neurons). Activating PAG-projecting neurons in the preoptic hypothalamus 14 (POAPAG neurons) elicited USV production in the absence of social cues. In contrast, activating 15 PAG-projecting neurons in the extended amygdala (EAPAG neurons) transiently suppressed USV 16 production without disrupting non-vocal social behavior. Optogenetics-assisted circuit mapping 17 in brain slices revealed that POAPAG neurons directly inhibit PAG interneurons, which in turn 18 inhibit PAG-USV neurons, whereas EAPAG neurons directly inhibit PAG-USV neurons. These 19 experiments identify two major forebrain inputs to the PAG that trigger and suppress 20 vocalization, respectively, while also establishing the synaptic mechanisms through which these 21 neurons exert opposing behavioral effects. 22 23
Introduction 25
The decision to vocalize is often a matter of life and death, as vocalizations are an important 26 medium for sexual and social signaling between conspecifics but may also inadvertently 27 advertise the caller's location to eavesdropping predators. Consequently, many factors influence 28 the decision to vocalize, including the presence of external sensory and social cues, as well as 29 the animal's own internal state and past experience. Work from the last five decades has 30 established the midbrain periaqueductal gray (PAG) as an obligatory gate for the production of 31 vocalizations in all mammals (Jurgens, 1994 (Jurgens, , 2002 (Jurgens, , 2009 , and it is thought that forebrain inputs 32 to the PAG regulate the production of vocalizations in a context-dependent fashion. In line with 33 this idea, forebrain regions including the anterior cingulate cortex, amygdala, and hypothalamus 34 have been implicated in regulating vocalization as a function of social context (Bennett et al., 35 2019; Dujardin and Jurgens, 2006; Gao et al., 2019; Green et al., 2018; Jurgens, 1982 Jurgens, , 2002 36 Kyuhou and Gemba, 1998; Ma and Kanwal, 2014; Manteuffel et al., 2007) . Notably, although 37 electrical or pharmacological activation of a variety of forebrain regions can elicit vocalization 38 (Jurgens, 2009; Jurgens and Ploog, 1970; Jurgens and Richter, 1986) , these effects depends 39 on an intact PAG (Jurgens and Pratt, 1979; Lu and Jurgens, 1993; Siebert and Jurgens, 2003) , 40
suggesting that the PAG acts as an essential hub for descending forebrain control of 41 vocalization. However, the circuits and synapses through which forebrain neurons interact with 42 the PAG vocal gating circuit to either promote or suppress vocalization remain entirely unknown. 43
A major challenge to understanding the circuit and synaptic mechanisms through which 44 descending forebrain neurons influence vocalization was that, until recently, the identity of the 45 PAG neurons that play an obligatory role in vocal gating remained unknown. The PAG is a 46 functionally heterogeneous structure important to many survival behaviors (Bandler and Shipley, 47 1994; Carrive, 1993; Evans et al., 2018; Holstege, 2014; Tovote et al., 2016) , thus hindering the 48 identification of vocalization-related PAG neurons and forebrain inputs to these neurons that 49 might influence vocalization. To overcome this challenge, we recently used an intersectional 50 technique to identify neurons in the PAG of the mouse that gate the production of ultrasonic 51 vocalizations (USVs) (i.e., PAG-USV neurons (Tschida et al., 2019) ), which mice produce in a 52 variety of social contexts (Chabout et upstream inputs and to understanding how these inputs influence both vocal behavior as well as 56 neural activity within the PAG vocal gating circuit. 57
In the current study, we used transsynaptic tracing to identify neurons that provide direct input to 58 PAG-USV neurons, as well as to GABAergic interneurons in the PAG which we show inhibit 59 PAG-USV neurons. Using this transsynaptic approach as an entry point, we identified inhibitory 60 neurons in both the hypothalamus and the amygdala that provide synaptic input to the PAG 61 vocal gating circuit. We then tested the role of these upstream neurons in shaping vocal 62 behavior and characterized the synaptic mechanisms through which these two populations of 63 inhibitory neurons act on the midbrain vocal gate to exert opposing effects on USV production. 64 65 Results 66
Inhibitory neurons in the hypothalamus and amygdala provide input to the PAG vocal 67 gating circuit 68
To identify forebrain neurons that provide input to the PAG vocal gating circuit, we performed 69 transsynaptic tracing from PAG-USV neurons, which are primarily glutamatergic (Tschida et al., 70 2019) . Briefly, to label inputs to PAG-USV neurons, we used an activity-dependent labeling 71 strategy (CANE; see Methods) to express Cre-dependent helper viruses in PAG-USV neurons 72 (Rodriguez et al., 2017; Sakurai et al., 2016; Tschida et al., 2019) . A pseudotyped replication-73 deficient rabies virus was subsequently injected into the PAG, allowing selective transsynaptic 74 labeling of direct inputs to PAG-USV neurons (Fig. 1A , see Methods). Because the activity of 75 many glutamatergic PAG neurons is shaped by potent inhibition from GABAergic PAG neurons 76 (Tovote et al., 2016) , we also performed transsynaptic tracing from nearby GABAergic PAG 77 neurons that likely provide inhibition onto PAG-USV neurons (and see below for related data). 78
To label direct inputs to nearby GABAergic PAG neurons, Cre-dependent helper viruses were 79 injected into the caudolateral PAG of a VGAT-Cre mouse, and a pseudotyped replication-80 deficient rabies virus was subsequently injected at the same site to enable transsynaptic tracing 81 from these cells (Fig. 1B) . These rabies tracing experiments revealed monosynaptic inputs to 82 PAG-USV neurons as well as to nearby GABAergic PAG neurons from a variety of forebrain 83 areas (Table 1) , including the hypothalamus and amygdala. We subsequently focused on 84 neurons in these latter two regions, as our preliminary studies revealed that they can exert 85 robust effects on vocal behavior (see below). 86
Within the hypothalamus, we observed dense labeling of neurons in the medial preoptic area 87 (POA, Fig. 1A-B ), a region that plays a crucial role in sexual behavior (Balthazart and Ball, 88 2007; McKinsey et al., 2018; Newman, 1999; Wei et al., 2018) and more specifically in the 89 production of courtship vocalizations in rodents and in songbirds (Alger and Riters, 2006; Bean 90 et al., 1981; Floody, 1989 Floody, , 2009 Floody et al., 1998; Fu and Brudzynski, 1994; Gao et al., 2019; 91 Riters and Ball, 1999; Vandries et al., 2019) . Within the amygdala, we observed dense inputs to 92 both PAG cell types from neurons spanning the most medial and rostral portions of the 93 amygdala (referred to here as the extended amygdala (EA), see below) continuing caudally to 94 the central amygdala (CeA) ( Fig. 1A-B ). Given the role of the amygdala in anxiety and fear-95 2007), we hypothesized that these amygdalar inputs to the PAG vocal gating circuit would 97 suppress the production of USVs, and that preoptic and amygdala inputs to the PAG vocal 98 gating circuit would exert contrasting effects on vocal behavior. 99
To characterize the neurotransmitter phenotypes of these upstream hypothalamic and 100 amygdalar neurons, we performed two-color in situ hybridization on transsynaptically labeled 101 neurons for mRNA transcripts expressed in glutamatergic and GABAergic cells (vesicular 102 glutamate transporter (vGluT2) and vesicular GABA transporter (VGAT); Fig. 1C , see Methods). 103
This experiment revealed that the majority (~84%, Fig. 1C -D) of PAG-projecting POA neurons 104 (i.e. POAPAG neurons) and almost all (~98%, Figure 1D ) of PAG-projecting EA and CeA neurons 105 (i.e. EAPAG and CeAPAG neurons) are GABAergic. In summary, the PAG vocal gating circuit 106 receives input from inhibitory neurons in both the preoptic hypothalamus and the amygdala. 107
Activating PAG-projecting POA neurons elicits USVs in the absence of social cues 108
The POA plays a crucial role in courtship, raising the possibility that POAPAG neurons are 109 important to promoting USV production. To test this idea, we selectively expressed 110 channelrhodopsin (ChR2) in POAPAG neurons, by injecting a Cre-dependent AAV driving ChR2 111 expression into the POA and injecting a retrogradely-infecting AAV that drives Cre expression 112 into the caudolateral PAG, the region in which PAG-USV neurons are concentrated ( Fig. 2A) . 113
Optogenetic activation of POAPAG cell bodies was sufficient to elicit USVs in isolated male mice 114 (USVs elicited in N=6 of 8 males; 10 Hz trains or tonic pulses of 1-2s duration; Fig. 2A , Movie 115 S1). We also observed that activation of POAPAG neurons was sufficient to elicit USVs from 116 female mice (N=3 of 4 mice), indicating that POAPAG neurons are capable of promoting USV 117 production in both males and females. 118
To begin to describe the molecular phenotype of POAPAG neurons, we performed in situ 119 hybridization on POAPAG neurons, which established that the majority of these cells express 120 VGAT ( Fig. 2B ), similar to the POA neurons that are labeled via transsynaptic tracing from the 121 PAG vocal gating circuit. We also noted that the majority of POAPAG neurons express Estrogen 122
Receptor 1 (Esr1), a prominent marker for neurons in the POA (~86%, Fig. 2B ) (Fang et al., 123 2018; Moffitt et al., 2018; Wei et al., 2018) . Given this finding, we next tested whether 124 optogenetic activation of Esr1+ POA neurons was sufficient to elicit USV production, by injecting 125 a Cre-dependent AAV driving the expression of ChR2 into the POA of Esr1-Cre mice. We 126 observed that optogenetically activating Esr1 + POA neurons was sufficient to elicit USV 127 production in both singly tested male (N=4 of 5) and female mice (N=3 of 4) ( Fig. 2C ). Finally, to 128 test whether activation of the Esr1 + POA neurons that project to the PAG is sufficient to elicit 129 USVs, we optogenetically activated the axon terminals of Esr1 + POA neurons within the PAG 130 ( Fig. 2D ). Bilateral Esr1 + POAPAG terminal activation within the PAG was sufficient to elicit USV 131 production (N=1 of 2 males; N=4 of 6 females, 20 Hz trains of 2-10s duration), though we also 132 noted optogenetically-elicited escape behaviors in 4 of 8 of the tested animals, which suggests 133 that there is functional heterogeneity in Esr1 + PAG-projecting neurons of the POA and nearby 134 regions. Taken together, these experiments show that activation of GABAergic, Esr1 + POAPAG 135 neurons is sufficient to elicit USV production. 136
The findings that POA neurons directly innervate the PAG vocal gating circuit and that activating 137 Esr1 + POAPAG neurons readily triggers USV production support the idea that Esr1 + POA 138 neurons act directly on the vocal gating mechanism in the PAG, rather than through an indirect 139 process, perhaps involving hedonic reinforcement. To control for this possibility, we performed 140 real-time place preference tests in which optogenetic stimulation of either POAPAG or Esr1 + POA 141 neurons was applied when mice were in only one of two sides of the test chamber. We 142 observed that optogenetic activation of Esr1 + POA neurons did not positively reinforce place 143 preference (mean PP=0.46 +/-0.02 for N=5 mice) and that in fact, activating POAPAG neurons 144 drove a slightly negative place preference on average (mean PP=0.39 +/-0.07 for N=7 mice; 145
Fig. S1A). We also note that when using the same stimulation parameters that were sufficient to 146 elicit USVs, optogenetic activation of either POAPAG or Esr1 + POA neurons did not drive 147 mounting of other mice (data not shown; N=7 POAPAG-ChR2 mice tested; N=4 POA-Esr1-ChR2 148 mice tested) nor did it induce overt locomotion ( Fig. S1B) . These experiments indicate that 149 activation of POAPAG neurons can elicit USVs independently of other courtship behaviors and 150 without putting mice in a positive hedonic state. 151
Because the POA lies upstream of the PAG, we anticipated that optogenetic activation of the 152 POA would elicit USV production at longer latencies than observed for optogenetic activation of 153 PAG-USV neurons. Indeed, we found that the minimum and mean latencies to elicit USVs by 154 optogenetic stimulation of POA neurons were 664.5 +/-320.9 ms and 1782.6 +/-407.6 ms 155 respectively ( Fig. S2 , calculated from N=9 POAPAG-ChR2 and N=7 POA-Esr1-ChR2 mice), and 156 we note that these latencies are longer than those observed when optogenetically activating 157 PAG-USV neurons (PAG-USV activation: min. latency from laser onset to first USV was 23.4 ± 158 8.6 ms, mean latency was 406.6 ± 0.5 ms) (Tschida et al., 2019) . We also found that USV bouts 159 elicited by optogenetic activation of the POA often outlasted the duration of the optogenetic 
Acoustic characterization of USVs elicited by activation of POA neurons 166
Given the artificial nature of optogenetic stimulation, we wondered whether USVs elicited by 167 optogenetic activation of POA neurons were acoustically similar to the USVs that are normally 168 produced by mice during social interactions. To compare the acoustic features of 169 optogenetically-elicited USVs (opto-USVs) to those of USVs produced spontaneously to a 170 nearby female, we employed a recently described method using variational autoencoders (VAEs) (Goffinet, 2019; Sainburg et al., 2019) . Briefly, the VAE is an unsupervised modeling 172 approach that uses spectrograms of vocalizations as inputs and from these data learns a pair of 173 probabilistic maps, an "encoder" and a "decoder," capable of compressing vocalizations into a 174 small number of latent features while attempting to preserve as much information as possible 175 ( Fig. 3A-B ). Notably, this method does not rely on user-defined acoustic features, nor does it 176 require clustering of vocalizations into categories. We applied this approach to spectrograms of 177
USVs to compare the acoustic features of female-directed and opto-USVs from the same mice 178 and found that the VAE converged on a concise representation of only five dimensions (data not 179 shown). We then employed a dimensionality reduction method known as UMAP (McInnes, 180 2018) to visualize the latent features of these USVs in 2D space ( Fig. 3C ). This analysis 181 revealed that for some mice, female-directed and opto-USVs were acoustically similar ( Fig. 3C , 182 left), while for other mice, a subset of opto-USVs were acoustically distinct from female-directed 183 USVs ( Fig. 3C, right) . To quantify the difference between female-directed and opto-USVs for 184 each mouse, we estimated the Maximum Mean Discrepancy (Gretton, 2012) between 185 distributions of latent syllable representations as in (Goffinet, 2019) . In addition, a baseline level 186 of variability in syllable repertoire was established for each mouse by estimating the MMD 187 between the first and second halves of female-directed USVs emitted in a recording session 188 unusual opto-USVs tended to be very loud and also had high frequency bandwidth. Visual 210 inspection of spectrograms of opto-USVs also confirmed that those that did not overlap 211 acoustically with natural USVs tended to be louder and have higher frequency bandwidths ( Fig.  212 3F, bottom, opto 1 and opto 2), while opto-USVs that overlapped with natural USVs did not 213 possess these unusual acoustic features (Fig. 3F , bottom, opto 3). To determine whether the 214 differences between optogenetically-elicited and natural USVs were consistent across mice, we 215 summarized each recording session by the mean latent representation of its syllables, and then 216 summarized the shift from natural to optogenetically-elicited syllable repertoires by the 217 corresponding vector between summary points. A shuffle test revealed significantly larger 218 alignment between these vectors than expected by chance (mean cosine similarity=0.50, p<1e-219 5), indicating that opto-USVs differed from female-directed USVs in a manner that was 220 consistent across mice. In summary, optogenetic activation of the POA elicits USVs whose 221 acoustic features are largely overlapping with those of female-directed USVs produced by the 222 same animal, despite the artificiality inherent to optogenetic stimulation. 223
Activating PAG-projecting EA neurons transiently suppresses USV production 224
We next sought to understand how PAG-projecting amygdala neurons contribute to 225 vocalization. We began with a viral strategy designed to express ChR2 in PAG-projecting EA 226 and CeA neurons, by injecting a Cre-dependent AAV driving ChR2 expression targeted to the 227 amygdala and then injecting AAV-retro-Cre into the PAG (Fig. 4) . Surprisingly, given the strong 228 transsynaptic labeling of both the CeA and EA achieved with modified rabies tracing from the 229 PAG vocal gating circuit, we found that this viral strategy failed to label neurons in the CeA and 230 instead only labeled EA neurons, whose cell bodies reside medial to the CeA and dorsal to the 231 medial amygdala (Figs. 4A, S3). To ensure that this labeling pattern was due to restricted 232 tropism of the AAV-retro-Cre virus and not to inaccurate targeting of the CeA, we repeated the 233 injections of the AAV-retro-Cre virus in the PAG of a Cre-dependent tdTomato reporter mouse. 234
Again, we observed cell body labeling in the EA but not in the CeA (Fig. S4 ), suggesting that in 235 contrast to modified rabies virus used in the transsynaptic tracing from the PAG vocal gating 236 circuit, the AAV-retro-Cre virus can infect EA but not CeA neurons. 237
To test whether PAG-projecting EA neurons contribute to vocalization, we first tested the effects 238 of optogenetically activating these neurons in isolated mice. Optogenetic activation of EAPAG 239 neurons failed to elicit USV production and also did not drive any other overt behavioral effects 240 (data not shown). However, when EAPAG neurons were optogenetically activated in male mice 241 that were actively courting females and vocalizing, USV production was immediately and 242 reversibly suppressed ( Fig. 4B , N=8 mice). This suppressive effect was restricted to the period 243 when EAPAG neurons were being optogenetically stimulated, and USV production rebounded 244 following the end of the optogenetic stimulation period (Fig. 4B ). After using in situ hybridization 245 to confirm that most EAPAG neurons are inhibitory (~92% express VGAT, Fig. 4C ), we next employed a related viral strategy to express ChR2 selectively in GABAergic EAPAG neurons 247 ( Fig.4D , AAV-retro-FLEX-ChR2 injected into the PAG of a VGAT-Cre mouse). With this 248 strategy, we found that optogenetic activation of GABAergic EAPAG neurons robustly suppressed 249 USV production ( Fig. 4D, N=4 mice ). Finally, we tested the effects on vocal behavior of 250 optogenetically activating the axon terminals of GABAergic EAPAG neurons within the PAG (Fig.  251 4D). Such bilateral terminal activation was also sufficient to suppress USV production (in N=3 of 252 3 males; Fig. 4D ). 253
One possibility is that activating EAPAG neurons suppresses USV production by putting the 254 mouse into a fearful or aversive state, rather than through a direct suppressive effect of EAPAG 255 neurons on the PAG vocal gating circuit. To test this idea, we carefully examined the non-vocal 256 behaviors of male mice during optogenetic activation of EAPAG neurons. Mice exhibited neither 257 freezing nor fleeing during optogenetic stimulation, and more notably, they usually continued to 258 follow and sniff the female during the laser stimulation periods (Movie S2; distance between 259 male and female did not increase during optogenetic stimulation, Fig. S1B ). We also confirmed 260 that the change in USV production rates driven by the optogenetic activation of EAPAG neurons 261 was different from the change in USV rates over time in mice that didn't receive laser stimulation 262 p<0.01 for differences between ChR2 groups vs. control groups during laser time, one-way 266 ANOVA followed by post-hoc pairwise Tukey's HSD tests). Finally, we performed real-time 267 place preference tests in which EAPAG neurons were optogenetically activated when mice were 268 in one of two sides of a test chamber (EAPAG neurons were labeled with either the AAV-retro-Cre 269 or the AAV-retro-ChR2 viral strategies). This experiment revealed that activation of EAPAG 270 neurons does not drive a negative place preference (Fig. S1A ). In summary, our data support 271 the idea that activating EAPAG neurons transiently and selectively suppresses USVs produced by 272 male mice during courtship, and that this effect cannot be accounted for by the mouse being put 273 into a fearful or aversive state. 274
Axonal projections of POAPAG and EAPAG neurons 275
To further characterize the anatomy of POAPAG and EAPAG neurons, we used intersectional 276 methods to label these neurons with GFP and tdTomato respectively and traced their axonal 277 projections throughout the brain (Fig. S5 , AAV-retro-Cre injected into caudolateral PAG, AAV-278 FLEX-GFP into POA, AAV-FLEX-tdTomato into EA). We observed dense projections from both 279 POAPAG and EAPAG neurons to a variety of dopaminergic cell groups, including the VTA, SNc 280 and retrorubral/A8 region. We also note that EAPAG neurons provide input to the lateral preoptic 
Synaptic interactions between POAPAG and EAPAG neurons and the PAG vocal gating 286 circuit 287
The functional and anatomical experiments described above establish that two different 288 populations of inhibitory forebrain neurons provide input to the PAG vocal gating circuit, one of 289 which (the POA) promotes USV production in the absence of any social cues, while the other 290 (the EA) suppresses spontaneous USVs produced by male mice during courtship. To 291 understand how two different inhibitory inputs to the PAG can exert opposing effects on vocal 292 behavior, we performed ChR2-assisted circuit mapping experiments in brain slices to 293 characterize the properties of POA and EA synapses onto PAG-USV neurons and nearby 294
GABAergic PAG neurons. Given that optogenetic activation of GABAergic EAPAG neurons 295 suppresses USV production, we predicted that GABAergic EA neurons directly inhibit PAG-USV 296 neurons. To test this idea, we performed whole-cell patch clamp recordings from PAG-USV 297 neurons while optogenetically activating EAPAG axons within the PAG. Briefly, AAV-FLEX-ChR2 298 was injected into the EA of a VGAT-Cre;Fos-dsTVA crossed mouse in order to express ChR2 in 299
GABAergic EAPAG axon terminals within the PAG. After four weeks, we used the CANE method 300 to infect PAG-USV neurons with a pseudotyped CANE-rabies virus driving the expression of 301 mCherry (CANE-RV-mCherry, Fig. 5A -B, see Methods). We visually targeted our recordings to 302 mCherry-expressing PAG-USV neurons and optogenetically activated EA terminals in the 303 presence of TTX and 4AP in order to isolate monosynaptic pathways ( Fig. 5C-D) . Activating 304 EAPAG terminals evoked IPSCs in 16 of 29 of the mCherry-labeled PAG-USV neurons from 305 which we recorded (mean current=180.3 pA at 0 mV in TTX/4AP). These evoked currents were 306 completely abolished by application of gabazine, a GABAA receptor antagonist ( Fig. 5E-F) . 307
These findings indicate that EAPAG activity suppresses ongoing vocalizations by directly 308 inhibiting PAG-USV neurons. 309
Given that activating GABAergic POAPAG neurons elicits vocalization (Fig. 2) , and that the 310 majority of PAG-USV neurons are glutamatergic (Tschida et al., 2019), we hypothesized that 311 POAPAG axons act via local interneurons in the PAG to disinhibit PAG-USV neurons. To test this 312 hypothesis, we first performed whole-cell patch clamp recordings from GABAergic PAG neurons 313 while optogenetically activating POAPAG axons within the PAG. GABAergic PAG neurons were 314 labeled by injecting AAV-FLEX-mCherry into the PAG of a VGAT-Cre mouse, while AAV-315
FLEXa-ChR2 was injected into the POA to express ChR2 in POAPAG axon terminals within the 316 PAG ( Fig. 6A-B ). After waiting four weeks to achieve functional expression of ChR2 in POAPAG 317 axon terminals, we cut brain slices from these mice and recorded optogenetically-evoked 318 currents from fluorescently identified VGAT + PAG neurons (see Methods). Optical stimulation of 319 POAPAG axons with blue light evoked IPSCs in the majority (18/27) of voltage clamped 320 GABAergic PAG neurons from which we recorded (mean current=310.6 pA at 0 mV) ( Fig 6C) . 321
These evoked IPSCs persisted upon application of TTX/4AP and were blocked by gabazine, 322
indicating that POAPAG axons make inhibitory synapses directly onto GABAergic PAG neurons 323 ( Fig. 6D) . 324
To test whether these GABAergic PAG neurons synapse onto PAG-USV neurons, as predicted 325 of a disinhibitory circuit mechanism, we injected AAV-FLEX-ChR2 into the PAG of a VGAT-326
Cre;TVA crossed mouse in order to express ChR2 in local VGAT + neurons ( Here we used a combination of monosynaptic rabies tracing, optogenetic manipulations of 340 neural activity in freely behaving animals, and optogenetics-assisted circuit mapping in brain 341 slices to elucidate the functional relevance and synaptic organization of descending inputs to 342 the PAG vocal gating circuit. We identified two populations of forebrain inhibitory neurons, one 343 located in the POA and the other in the EA, that drive opposing effects on vocal behavior. 344
Optogenetic activation of POAPAG neurons drives robust and long-lasting bouts of vocalization in 345 the absence of any social cues normally required to elicit vocalizations, and the acoustic 346 features of these "opto-USVs" shared many features with spontaneously produced social USVs. We observed that activation of POAPAG neurons using a variety of viral strategies readily elicits 359 USV production in both male and female mice (Fig. 2) , in agreement with a recent report that 360 activation of GABAergic POA neurons elicits USVs in both sexes (Gao et al., 2019) . These 361 findings contrast with the behavioral observation that female mice in general produce fewer 362
USVs than males. For example, female mice produce only about 1/5 of the total USVs recorded 363 during male-female courtship interactions (Neunuebel et al., 2015) , and we observed that 364 female mice vocalize at lower rates than males when encountering novel female social partners 365 (data not shown). Taken together, these findings suggest that differential gating of POAPAG 366 activity in males and females might contribute to sex differences in vocal behavior, but that Here we employ a newly described VAE-based unsupervised modeling method to compare the 400 acoustic features of optogenetically-elicited USVs to each animal's repertoire of female-directed 401
USVs. Interestingly, although synchronous optogenetic activation of POAPAG neurons is likely 402 quite different from the natural activity patterns of these neurons, the majority of optogenetically-403 elicited vocalizations fall within the distribution of naturally produced USVs. This finding provides 404 further experimental support for a model in which the PAG-USV neurons that are disinhibited by 405 input from the POA gate USV production but do not directly pattern the acoustic content of 406 vocalizations. The VAE also allowed us to identify and interrogate the acoustic features of 407 optogenetically-elicited vocalizations that fell outside the natural acoustic distribution. We found 408 that these unusual "opto-USVs" were louder and higher in frequency bandwidth, which we 409 speculate may arise because synchronous optogenetic activation of POA neurons can, in some 410 cases, activate the PAG vocal gating circuit more strongly than occurs during natural behavior. 411
The current study also identifies a novel population of GABAergic EAPAG neurons that lie at a 412 boundary zone between the central amygdala and the medial amygdala. Although this pocket of 413 cells remains to be characterized comprehensively at a molecular and physiological level, our 414 data show that transiently activating these neurons transiently suppresses vocal production 415 without driving fearful or aversive responses. Additionally, optogenetically activating EAPAG 416 neurons suppresses vocalization without interrupting non-vocal courtship behaviors more 417 generally, providing additional support for the idea that PAG-USV cells are specialized neurons 418 that gate USV production but that do not control non-vocal aspects of courtship. Although it is 419 unknown whether EAPAG neurons are similarly engaged in female mice who vocalize less readily 420 than males, we identified EAPAG neurons in female mice that have similar axonal projections to 421 those observed in males ( Fig. S5 and data not shown) and speculate that these neurons also 422 inhibit USV production via direct inhibition of PAG-USV neurons. 423
We found that EAPAG neurons make inhibitory synapses on PAG-USV neurons, which in turn 424 gate vocalizations by exciting downstream vocal-respiratory pattern generating circuits (Tschida 425 et al., 2019) . Thus, the EA to PAG pathway provides a monosynaptic substrate through which 426 vocalizations can be rapidly and effectively suppressed. We anticipate that such descending 427 inhibitory inputs onto PAG-USV neurons act rapidly to suppress vocalization in behavioral 428 contexts (in the presence of predators, conspecific competitors, etc.) in which vocalization is 429 risky or otherwise adverse, although this idea remains to be tested. Although POAPAG neurons 430 are also GABAergic, we found that optogenetically activating these neurons promotes rather 431 than suppresses USV production, likely through a disynaptic disinhibition of PAG-USV neurons 432 mediated by local PAG interneurons. Consistent with the idea that disinhibition within the PAG is 433 important for vocal production, work in primates has shown that pharmacological blockade of 434 which PAG-USV neuronal activity is tightly regulated by descending inputs as well as inputs 440 from local GABAergic PAG neurons, which in turn integrate a variety of behaviorally relevant 441 forebrain inputs to appropriately gate PAG-USV activity and hence USV production. More 442 generally, such disinhibitory circuit motifs in the PAG may provide a failsafe mechanism that 443 carefully regulates the behavioral contexts in which crucial but potentially costly behaviors, 444 including vocalizations, are produced. 445
GABA receptors lowers the threshold for vocalization and elicits spontaneous vocalizations as
By exploiting selective genetic access to PAG-USV neurons as a point of entry into central 446 circuits for social and courtship vocalizations, we have begun to map the brain-wide architecture 447 and synaptic organization of circuitry for a complex, natural behavior. In addition to the inputs 448 from the POA and EA that were the focus of this study, our transsynaptic tracing identified a 449 number of forebrain regions whose projections converge onto the PAG vocal gating circuit, 450 consistent with the idea that the PAG integrates a wide variety of social, environmental, and 451 internal state-related information to gate vocalization in a context-appropriate manner. Given 452 that context-dependent vocal gating is a hallmark of human vocalizations, including speech, it 453 will be of great interest in future studies to more fully describe the neuronal populations whose 454 inputs to the PAG shape vocal behavior. We note that vocal behavior isn't binary, and that in 455 addition to deciding whether or not to vocalize, an animal must produce the acoustic category of 456 vocalization that is appropriate for a given behavioral context. The elucidation of circuit and 457 synaptic mechanisms through which forebrain inputs to the PAG vocal gating circuit influence 458 USV production represents an important first step toward understanding how descending 459 forebrain neurons act on midbrain vocal gating circuits to regulate the production of acoustically 460 distinct categories of vocalizations that differ in their communicative significance. 
Transsynaptic tracing from PAG-USV and GABAergic PAG neurons: To selectively infect 486
PAG-USV neurons with viruses, ds-Fos-TVA males were given social experience with a female 487 (30-60 mins.) that resulted in high levels of USV production (500-5000 USVs total). Males were 488 then anesthetized (1.5-2% isoflurane), and the caudolateral PAG was targeted for viral injection. 489
For transsynaptic tracing from PAG-USV neurons, the PAG was injected with a 4:1:1 mixture of 490 CANE-LV-Cre, AAV-FLEX-TVA-mCherry, and AAV-FLEX-oG (total volume of 300 nL). After a 491 wait time of 10-14 days, the PAG was then injected with EnvA-ΔG-RV-GFP (100 nL, diluted 492 1:5), and animals were sacrificed after waiting an additional 4-7 days. 493
To transsynaptically label inputs to GABAergic PAG neurons, the caudolateral PAG of VGAT-494
Cre mice was injected with a 1:1 mixture of AAV-FLEX-TVA-mCherry, and AAV-FLEX-oG (total 495 volume of 100 nL). After a wait time of 10-14 days, the PAG was then injected with EnvA-ΔG-496 RV-GFP (100 nL, diluted 1:5), and animals were sacrificed after waiting an additional 4-7 days. 497
In vivo optogenetic stimulation: Custom-made or commercially available (RWD) optogenetic 498 ferrules were implanted in the same surgeries as viral injection just above target brain locations 499 and were fixed to the skull using Metabond (Parkell). Neurons or their axon terminals were 500 optogenetically activated with illumination from a 473 nm laser (3-15 mW) at 10-20 Hz (50 ms 501 pulses, 2-10s total) or with phasic laser pulses (1-2s duration). Laser stimuli were driven by 502 computer-controlled voltage pulses (Spike 7, CED). EtOH in DEPC-PBS overnight. Sections were rinsed in DEPC-PBS, incubated for 45 min in 5% 520 SDS in DEPC-PBS, rinsed and incubated in 2x SSCT, pre-incubated in HCR hybridization 521 buffer at 37 °C, and then placed in HCR hybridization buffer containing RNA probes overnight at 522 37 °C. The next day, sections were rinsed 4 x 15 minutes at 37 °C in HCR probe wash buffer, 523 rinsed with 2X SSCT, pre-incubated with HCR amplification buffer, then incubated in HCR 524 amplification buffer containing HCR amplifiers at room temperature for ~48 hours. On the final 525 day, sections were rinsed in 2x SSCT, counterstained with DAPI (Thermo Fisher, 1:5000), 526 rinsed again with 2x SSCT, then mounted on slides and coverslipped with Fluoromount-G 527 (Southern Biotech). After drying, slides were imaged with a 10x or 20x objective on a Zeiss 700 528 laser scanning confocal microscope. 529 USV recording and analysis. To elicit USVs, single-housed males or females were presented 530 with a freely moving female, either in a novel test chamber or in the home cage. USVs were 531 recorded with an ultrasonic microphone (Avisoft, CMPA/CM16), amplified (Presonus 532 TubePreV2), and digitized at 250 kHz (Spike 7, CED). USVs were detected using codes from 533 the Holy lab (http://holylab.wustl.edu/) using the following parameters (mean frequency > 45 534 kHz; spectral purity > 0.3; spectral discontinuity < 0.85; min. USV duration = 5 ms; minimum 535 inter-syllable interval = 30 ms). To elicit USVs for tagging of PAG-USV neurons using CANE (for 536 transsynaptic tracing and slice experiments), Fos TVA males were given social experience with a 537 female (30-60 min. session), either in their home cage fitted with an acoustically permeable lid 538 or in a test chamber that had no lid and allowed easy microphone access. Sixty minutes from 539 the start of the session, Fos TVA males were anesthetized and taken for injection of the PAG with 540 viruses (see above), such that injections began approximately 2 hours from the start of USV 541 production. 542
Real-time place preference tests: Mice were lightly anesthetized to connect the 473 nm laser 543 to the optogenetic ferrule, then mice were placed in the center of a custom-made two-sided test 544 chamber, illuminated with infrared light only. The side of the chamber in which each mouse 545 received optogenetic stimulation was chosen randomly for each place preference test. When 546 the mouse was in the selected side, it received continuous 10 Hz optogenetic stimulation using 547 the minimum laser power that had either elicited or inhibited USV production for that same 548 mouse. Place preference was scored over a 20 minute test period as the proportion of the total 549 time that the mouse spent in the stimulated side of the chamber. with optogenetic activation of POA or EA neurons, we first estimated the temporal offset 555 between the webcam video and USV audio by calculating the time of the peak cross-covariance 556 between the high-pass filtered webcam audio and the low-pass filtered USV audio. This offset 557 was then used to align the mouse's movement to the onset of each optogenetic laser stimulus. 558
To measure the effects of optogenetic stimulation on the distance between an interacting male 559 and female mouse, the position of each mouse was tracked manually in every 6 th frame, and the 560 distance between mice was scored as the distance from the center of the male's head to the 561 base of the female's tail. parameterized by convolutional neural networks. We trained a VAE on spectrograms of single 576 USV syllables from both experimental and control groups using the following parameters: 577 min_freq=30e3, max_freq=110e3, nperseg=1024, noverlap=512, spec_min_val=-5.0, 578 spec_max_val=-1.5, mel=False, time_stretch=True, within_syll_normalize=False. Each input 579 spectrogram was 128-by-128 pixels (16000 dimensions) and the VAE converged on a 580 parsimonious representation of only 5 dimensions. To visualize these 5-dimensional spaces, the 581 latent representations of syllable spectrograms are projected into two dimensions using the 582 UMAP algorithm (McInnes, 2018) . To quantify differences in syllable repertoires, we estimate 583 the Maximum Mean Discrepancy (Gretton, 2012) between distributions of latent syllable 584 representations as in (Goffinet, 2019) . First, a baseline level of variability in syllable repertoire 585 was established for each mouse by estimating MMD between the first and second halves of 586 female-directed syllables emitted in a recording session. Then MMD between each mouse's 587 natural and optogenetically-elicited repertoires was estimated. A paired comparison test 588 revealed significantly larger differences between optogenetic and natural repertoires than 589 expected by variability within the natural condition recording sessions alone (two-sided, 590 continuity-corrected Wilcoxon signed-rank test, W=9, p<5e-3). We then estimated MMD 591 between female-directed syllable repertoires recorded on different days, using the set of 10 592 control mice. 593
Whole-cell recordings: Mice that received viral injections 2-4 weeks prior were deeply 594 anesthetized with isoflurane and standard procedures were used to prepare 300 µm thick 595 coronal slices. The brain was dissected in ice-cold ACSF containing the following (in mM): 119 596 NaCl, 2.5 KCl, 1.30 MgCl2, 2.5 CaCl2, 26.2 NaHCO3, 1.0 NaHPO4-H2O, and 11.0 dextrose and 597 bubbled with 95% O2/5% CO2. The brain was mounted on an agar block and sliced in ice-cold 598 slices. To confirm that evoked currents were GABAergic, 10µM gabazine (Tocris) was applied. 618
Pharmacological agents including were bath applied for 10 minutes before making recordings. 619
Data availability:
The data that support the findings of this study are available from the 620 corresponding author upon reasonable request. 
